ABSTRACT
INTRODUCTION
The propagation of recombinant DNA in Eschericia coli is a ubiquitous and necessary prerequisite for almost any endeavor in molecular biology, from cloning and sequencing of genes to ectopic expression of proteins. A variety of vectors have been used for this purpose, including plasmids, cosmids and bacterial artificial chromosomes (BACs). Rich media such as LB broth, Superbroth and Terrific Broth (TB) have been described (1, 11, 13) . However, LB (and its derivatives) is probably still the most commonly used, possibly because all the other recipes improve yield by only severalfold. In most cases, such a moderate increase in yield does not justify the added time and effort to make more complex media. While high cell density techniques have been developed for fed-batch fermentations (reviewed in References 6 and 7), none, to our knowledge, have been developed for small-scale applications appropriate for the typical research laboratory. We describe a novel growth medium called H15. Using standard shake flasks, this medium consistently supports E. coli cell culture densitiesand, concomitantly, plasmid DNA yields-5-10 times higher than that of conventional rich media.
MATERIALS AND METHODS

Plasmids and E. coli Strains
The following plasmids were used in this study: pUC18 (11) ; pGFP, jellyfish green fluorescent protein cDNA cloned into a pUC19 derivative (all from CLONTECH Laboratories, Palo Alto, CA, USA); pBluescript ® (Stratagene, La Jolla, CA, USA); pRS306 (a pBluescript derivative) (12) ; p2L, 78-bp yeast HSP82promoter fragment subcloned into pSP65 (Promega, Madison, WI, USA) (5); pUTX20, 2.9-kb Eco RI fragment of yeast HSP82 cloned into pBR322 (Promega) (4); p103, HSP82 Eco RI fragment cloned into a YIp5 derivative (9); and pGST-ScHSF, 2.9-kb Pvu II-Xho I fragment of Saccharomyces cerevisiae HSF1cloned into the Sma I site of pGEX-2T (Pharmacia Biotech, Piscataway, NJ, USA) (3). Table 2 lists E. coli strains used in this study. Figure 1 . Cell density and pH of E. coli cultivated in H15 medium. One large loopful of GM272 cells (transformed with pUTX20) was used to inoculate 20 mL of H15 medium, to which ampicillin had been added to a final concentration of 75 µ g/mL. Culture was grown in a 300-mL baffled Erlenmeyer flask at 37°C shaken at 300 rpm. Aliquots were removed and diluted, and pH and cell density measurements taken.
Preparation of
MOPS in the presence of glucose produces unstable products that inhibit E. coli growth. If medium is to be used immediately, autoclaving is not normally necessary.) Table 1 Media were prepared as described (11) .
Cell Cultivation and Plasmid Isolation
Cells were inoculated into 20 mL of LB, TB or H15 and cultivated in baffled 300-mL Erlenmeyer flasks at 37°C. These were shaken vigorously (300 rpm) for 24-30 h. Cells were harvested, washed twice with distilled water, and DNA was isolated using the sodium dodecyl sulfate (SDS) alkaline lysis method (11) . Washing cells is essential because H15 medium, which is strongly buffered, has to be completely removed or alkaline lysis will be unsuccessful. DNA yields were quantitated using the Hoechst 33258 fluorescence a Samples were quantitated using the Hoechst 33258 flourescence enhancement assay (8) . b Plasmids p103 and pGST-ScHSF were grown in SOC medium and 2 ×YT medium, respectively. c Not Determined. 
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RESULTS
Strategy to Produce High Cell Densities
In theory, a growth medium that supports markedly higher cell densities than traditional rich media should also permit a greater yield of plasmid DNA per unit volume of culture. However, for such a medium to be optimally useful, specific productivity (i.e., the yield of recombinant molecules per gram of cells) should not be diminished. We have formulated a medium, designated H15, that meets this requirement. H15 contains ample quantities of the essential building blocks needed for growth: hydrolyzed casein as a source of amino acids, yeast RNA as a source of nucleotides, and glucose and yeast extract as carbon and energy sources. It also contains high concentrations of two biological buffers: MOPS-free acid and Tris-free base (Table 1) .
E. coli growth in H15 medium is initially exponential, followed by a second, slower growth phase (Figure 1 ). The optimal carbon and energy source for E. coli , as for many organisms, is glucose (2). As H15 contains 2% glucose, the cells preferentially utilize this carbon source in the initial phase of growth. However, growth on glucose under aerobic conditions produces acidic by-products, principally acetate and pyruvate (2, 10) , and when the pH of the culture drops much below 6.0, the cells enter a stationary phase and stop growing. To prevent this, H15 medium contains 150 mM MOPS. MOPS has a pKa of 7.0 at 37°C; the medium, which also contains 270 mM Tris, is buffered to pH 7.6. Thus, as the bacteria grow and acidify the medium, they must titrate nearly the entire buffering capacity of MOPS before they can sufficiently lower the pH to inhibit growth. At an initial concentration of 2% glucose, the cells deplete the medium of the sugar at a pH of approximately 6.5, the lower limit of the buffering range of MOPS.
After this initial glucose growth phase, the cells start utilizing other compounds in the medium, including acetate and amino acids, as carbon and energy sources. The primary source of the latter is a high concentration of yeast extract (5%). Growth during this phase produces more basic species than acidic, and the pH starts to rise as the cells continue to grow (Figure 1 ). During this second growth phase, Tris, which has a pKa of 7.8 at 37°C, serves as the primary buffering agent. When the pH of the medium approaches approximately 8.0, the cells finally enter a stationary phase and cease growth.
Performance of H15 Medium
Five commonly used E. coli strains, carrying pMB1 derivatives with inserts of varying sizes, were tested for their ability to grow in H15. As summarized in Table 2 , it is clear that for each strain/plasmid combination, the cultures grew to dramatically greater densities in H15 than in either LB or TB. Thus, the salutary effect of H15 medium on cellular growth is neither strain specific nor dependent on plasmid size (range tested: 2.7-8.4 kb; Table 3 ).
To test whether plasmid yield paralleled the increase in saturation densities, a small aliquot (250 µ L) of each culture was harvested, and plasmid DNA was extracted. Strikingly, E. coli grown in H15 gives rise to DNA yields that are 6-fold to 30-fold greater than those of the same strains grown in LB (Table 3) . H15 also significantly outperformed TB (2-fold to 6-fold). Note that the fold increase in DNA yield is similar for plasmids that are maintained at a relatively low copy number (such as the pBR322 derivatives p103 and 
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pUTX20; 10-fold to 13-fold increase) and those maintained at a high copy number (e.g., pUC18; 12-fold increase). Moreover, in nearly every case, the fold increase in DNA yield was as large as the fold increase in cell density, and sometimes exceeded it.
To test the integrity of the isolated plasmid, we analyzed it by gel electrophoresis. As illustrated in Figure 2A , plasmid isolated from E. coli grown in H15 exhibited a similar topoisomer distribution as that isolated from either LB or TB cultures. In all three cases, the predominant species is supercoiled, while a minor proportion is relaxed circular or linear (Types I, II and III, respectively). Moreover, plasmid DNA purified from H15-grown E. coli cut efficiently with a variety of restriction enzymes ( Figure 2B ). We conclude that despite growing to a substantially higher cell density than in traditional media, E. coli physiology is not appreciably altered with respect to plasmid DNA replication.
Role of Individual Components in Enhancing Plasmid Yield
To demonstrate the role of each component in the medium, versions of H15 were prepared in which one of the components was either omitted or altered (Table 4 ). Omitting RNA, RNase A or casamino acids had a similar outcome: the cultures experienced a long lag phase and required at least 48 h to reach a stationary phase; however, eventually they did reach a cell density comparable to that of complete H15. Nonetheless, in each case, the yield of plasmid DNA was less. The relatively mild effect of omitting casamino acids may be attributable to the fact that hydrolyzed protein and amino acids are abundant in yeast extract. If MOPS buffer was omitted (H15 titrated to pH 7.6 with HCl), the culture reached stationary phase at an A 600 of about 13, with a 76% drop in plasmid yield. The pH of the stationary phase medium was 5.0. A similar, although less severe, outcome was seen if Tris was omitted (55% drop). A nearly 60% reduction in plasmid yield was seen if the glucose concentration was increased to 3%, presumably stemming from excess acetate production (2,7). Thus, altering a Per 100 mL; based on bulk pricing (Sigma Chemical and Difco Laboratories). By comparison, LB medium costs $0.14/100 mL, and TB medium costs $0.30/100 mL. 
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the concentration of any component of H15 reduces its efficacy as a bacterial growth medium.
DISCUSSION
We have developed a high-efficiency bacterial growth medium that we term H15. This medium supports E. coli growth to cell densities that is consistently 10-fold higher than obtainable in LB and up to three times that possible in TB. Most significantly, there is also a 2-fold to 30-fold increase in the yield of plasmid DNA per unit volume of culture. H15 was formulated on the premise that in the presence of a sufficiently high level of nutrients and a sufficiently strong buffering system, and in the absence of inhibiting concentrations of acetate (10), E. coli will grow to high densities. However, E. coli will not grow in Tris/MOPS buffer concentrations exceeding 500 mM (data not shown), which may be a limiting factor. In H15, the cells exhibit biphasic growth and as a result use the buffering capacity of the medium twice ( Figure  1 ). This medium also has another unique feature: the inclusion of a high concentration of RNA along with RNase to provide free ribonucleotides. The rationale behind this is straightforward: since a large portion of the cell is composed of RNA, supplementing the growth medium with ribonucleotideswhich are hydrolyzed to permeable ribonucleosides by periplasmic phosphatases (14)-should encourage growth. Notably, the source of the RNA is bulk RNA extracted from torula yeast, which is not much more expensive than yeast extract (see below).
The heart of this method is the control of the pH, and if the medium performs poorly, then imprecise pH is usually the cause. The pH of the prepared medium should not exceed 7.7; otherwise, the cells will grow poorly. However, if the starting pH is much below 7.6, the cells cannot rebound after the initial glucose growth phase, resulting in a 50% reduction in yield. Another important parameter is aeration of the cultures. Sufficient oxygenation will prevent a rapid drop in pH due to fermentation. Thus, it is essential to use vigorous agitation and a baffled flask at least ten times the culture volume. While not tested, lowering the incubation temperature to 32°-34°C, thereby lowering the oxygen uptake rate, might lessen this requirement.
On the basis of DNA yield, H15 is comparable in expense to conventional media (see Table 5 ). One of the most significant benefits of H15 for the typical research laboratory is that it obviates the need for floor-model centrifuges and rotors sufficiently large to accommodate 0.5-1.0-L bottles, since as much as 1 mg of plasmid DNA can be harvested from as little as 20 mL of culture. Therefore, plasmid "maxipreps" can be conducted using relatively inexpensive benchtop centrifuges and rotors.
A bacterial growth medium with extremely high performance, such as H15, could have a wide variety of applications. Most obviously, it could be used in the preparation of plasmids for research use (and, although not tested here, possibly in the preparation of cosmids and BACs as well). Enhanced yields of DNA could allow culture flasks, centrifuge rotors and other equipment to be scaled back in size, with a concomitant savings in expense. Such a medium could be of special value to laboratories working on genome projects, which are heavily dependent on automation. Adoption of such a medium could greatly increase productivity without the necessity of expensive equipment upgrades. Finally, H15 may prove to be valuable in the production of recombinant protein, either as an intracellular or secreted protein product, obviating the necessity for large-volume purifications.
INTRODUCTION
The polymerase chain reaction (PCR) is a powerful tool for quantitative and qualitative analysis in modern molecular biology. Despite the widespread use of this method, there are still many technical aspects of the procedure that require further improvement (7, 11, 13) . Perhaps the greatest existing problem is mispriming and subsequent amplification of nonspecific PCR products. Mispriming of the DNA template in PCR leads to a competition for the DNA polymerase and primers between the specific and misprimed products, which can distort quantitative measurements. Mispriming with amplification of multiple products can make it necessary to hybridize the PCR product with a specific probe to distinguish specific from nonspecific products. In contrast, if the amount of nonspecific products is low, the hybridization step can be avoided (2) . Commonly used approaches to reduce mispriming include optimization of the concentrations of magnesium, DNA polymerase, primers, template and the number of PCR cycles for each particular PCR product (6, 9) . Recent studies emphasize the importance of annealing temperature (5) and competitive primers (8, 12) to improve the specificity of PCR amplification.
Development of a simple, widely applicable approach to avoid mispriming in PCR would be extremely useful; it could lessen the need for selection of very precise PCR conditions and for a post-PCR hybridization step (2) . To address this issue, we applied the theoretical understanding of selective systems to the mechanism of PCR (1, 3) . Indeed, during PCR amplification, a selective process takes place. It is determined by the specific annealing of primers used to amplify a desired sequence.
PCR AS A SELECTIVE SYSTEM
PCR satisfies all the characteristics of a selective system. Refer to Reference 1 for detailed discussion of these characteristics. In brief, the immune system, the brain cortex and evolution are examples of naturally existing selective systems (1, 3) . Three common features that allow for such grouping of these rather distinct entities are: (i) broad preexisting repertoires of elements to be selected; (ii) highly, but not absolutely specific (i.e., degenerate), selection of some elements by external selective influences; and (iii) numerical expansion of some units as a result of selection. For PCR, these characteristics are, respectively, (i) a great number of potential DNA sequences that can be amplified; (ii) degenerate (highly, but not absolutely specific) annealing of a
